Abstract. This paper presents results of a global MHD simulation of a substorm that occurred on December10, 1996. We concentrate on the relationship between the simulation results and the magnetotail observations during the growth and expansion phases of the substorm. In general, we nd excellent agreement between the single point observations made by various spacecraft in both the geosynchronous and mid-tail regions: the simulation accurately represented the energy loading lobe eld increase, small-scale activations partial dipolarizations, and a global substorm onset large dipolarizations and fast ows. The global view presented by the simulation shows complex series of discrete ow c hannels during the expansion phase prior to the onset of global reconnection. It is these ows channels that disrupt the thin current sheet that formed during the growth phase of the substorm. 
Introduction
The three-dimensional global MHD simulations coupled with a model ionosphere are presently the only means to describe the entire coupled solar wind magnetosphere ionosphere system and its temporal evolution. While it is clear that there are many processes in the magnetosphere that occur in non-MHD temporal or spatial scales, the present-day codes are able to capture the essential dynamics of the large-scale system correctly even over long time periods . The Lyon-Fedder-Mobarry code Fedder et al., 1995a has been used to examine several substorm events, and the results have shown that the code is able to capture the sequence of events during the substorm: energy loading, localized dissipation events, and the global recon guration process Pulkkinen et al., 1998 , Wiltberger et al., 1999 When the simulations are reliable enough to give good comparison at a few randomly selected points spacecraft locations in the magnetosphere, they become useful in extracting a more global view of the substorm process: until now, the current sheet structure and its scale size, the scale size and nature of the fast ows, and the characteristic di erences during localized dissipation events or pseudobreakups and large-scale recon gurations substorm expansion phases have been largely unanswered questions.
Current sheets are important plasma physical objects, as they are found in a variety of environments, in the magnetosphere separating plasma regions, in the Sun, in the heliosphere, and in astrophysical objects. The nature and physics of the current sheets depends on the plasma density and magnetic eld magnitude that de ne the characteristics of the plasmas. In the magnetosphere, the plasma is fully collisionless and the magnetic eld is weak; thus many of the processes occur in a sub-MHD scales. It is interesting to examine what properties in the MHD simulations lead to the correct large-scale evolution when the details of the distribution functions or the nature of the dissipation mechanism are not part of the solution.
The mechanism producing the large-scale recon guration of the magnetosphere has been under extensive study in the past three decades Baker et al., 1996 , Lui, 1996 There is general agreement that magnetic reconnection occurs during the process; the main focus recently has been in detailed timing of the sequence of events, the question being whether reconnection is the cause or consequence of the substorm onset. The growth of a plasma instability in the inner or mid-magnetotail has been suggested to start the global recon guration, at a time when the current sheet has become su ciently thin and intense during the growth phase.
Interestingly, the magnetosphere exhibits two types of dissipation events, both of which are seen in the ionosphere as auroral brightening. The global recon guration process, or substorm onset, dissipates a large portion of the available magnetic energy and leads to a large-scale recon guration of the inner magnetosphere current systems. On the other hand, there are localized dissipation events, which lead to local variations in the current systems but do not lead to major recon gurations or signi cant energy release Pulkkinen et al., 1998 . Several authors have studied both magnetospheric and ionospheric conditions during the two t ypes of events, but clear signatures that could be used to classify these events are still lacking.
In this paper, we examine issues of the global substorm process outlined above using the Lyon-Fedder-Mobarry MHD simulation run for a substorm event on Dec 10, 1996. The substorm was well-observed by INTERBALL Tail Probe in the northern tail lobe and GEOTAIL in the plasma sheet, and two GOES spacecraft GOES 8 and GOES 9 in the nightside geostationary orbit. Figure 1 shows the locations of the spacecraft in two projections, in the X , Y plane near the current sheet at Z = ,4R E left and in the noon-midnight meridian right. The background shows the plasma density extracted from the simulation results, which clearly show the tail satellite positions in the low-density lobe and near the center of the plasma sheet. Note that in the left-hand plot, the projection of the INTERBALL location looks like the spacecraft would bein the dense plasma sheet whereas in reality i t i s a b o ve the plasma sheet in the lobe.
The substorm was driven by a period of southward IMF, which led to enhancement of ionospheric and tail current systems starting at about 0644 UT Pulkkinen et al., 1999 . Figure 2 from Pulkkinen et al. 1999 shows magnetograms from the CANOPUS chain for the period 0600 1000 UT. CANOPUS was in the evening sector ionosphere, well-positioned to follow the substorm evolution. The convection enhancement was observed by the stations below the westward electrojet e.g., FSMI, RABB, MCMU, GILL, ISLL. The magnetograms clearly show two onsets, one at 0731 UT and a later one at 0800 UT. Global auroral imaging as well as all-sky camera data from Gillam showed that the rst onset was located close to but somewhat to the west of Gillam, whereas the second onset was further to the east closer to local magnetic midnight data not shown. The auroral data also showed that the rst expansion was rather limited in its poleward extension, and the polar cap area did not change much. The second onset was much larger, leading to a strong poleward motion of the auroras and a wide auroral oval see Pulkkinen et al. 1999 for more details.
Chapter 2 describes the simulation technique and the code. Chapter 3 presents the simulation results and comparison with the actual magnetotail observations. In the discussion section we discuss the formation and evolution of a thin current sheet in the inner magnetosphere, channels of fast ow that appear during the growth phase and between the two activations, and the nature of the large-scale reconnection region at the global substorm onset.
Code Description
The LFM consists of two interlinked simulations Fedder et al., 1995a; Fedder and Lyon 1995; Mobarry et al. 1996 for modeling the solar wind -magnetosphereionosphere interaction. The ideal MHD equations Chen, 1984 , solved by the partial interface method Hain, 1977; Lyon et al., 1983; Hain, 1987 , are used to model solar wind and magnetospheric plasmas. The ionosphere is simulated by solving a height integrated electrostatic model that has been coupled to the magnetospheric simulation.
The MHD equations are solved in a region containing the solar wind and magnetosphere. For the results discussed in this paper, this region is essentially a large cylinder 100 R E in radius and 380 R E long. The X axis extends from the front boundary at X = 3 0 R E to back boundary X = ,350R E . Figure 1 shows a cut plane of the spider web-like computational grid which places maximal resolution critical locations: the magnetopause, magnetotail, and ionosphere. The results in this paper utilize a high resolution mode with 50 points in the radial direction and 48 points in the azimuthal direction and 64 points in the polar direction. In fact the entire computational grid can bethought of as a series of rotations of the cut plane shown in the inset of Figure 1 . This grid has the bene t of being logically rectangular, thus allowing simple arrays to beused for the computational data structure, while adapting to the issues important to magnetospheric simulation. This grid is a factor of two times larger in the polar and azimuthal grid than for the results reported in Wiltberger et al. 1999 , Lyon et al. 1998 and Fedder et al. 1995b .
The code uses solar wind matching conditions along the outer edges of the computational domain taken from in situ observations made by the WIND satellite. In order to account for the variation of the Earth's dipole tilt the simulation was run with input solar wind conditions given in the SM coordinate system. A simple supersonic out ow condition is used at the back boundary, which has been located far enough downstream so that the plasma is once again super-Alfvenic, and thus it is impossible for e ects at the boundary to a ect the upstream plasma. The inner boundary of the simulation is set at a geocentric sphere of 3.5 R E in at which the magnetospheric solution is matched to an ionospheric simulation.
Along the front boundary of the simulation grid the solenoidal nature of the where is the ionospheric potential, is the height i n tegrated anisotropic conductivity tensor, and is the dipole tilt angle. TheJ b term is the coupling between the magnetosphere and ionosphere. The rapid, proportional to r 3 , increase in the Alfven velocity as the altitude decreases requires, in order to have an manageable time step, that the inner boundary of the MHD solution not beplaced at the height of the ionosphere. In the December 10, 1996 substorm simulation this boundary was placed at 3.5 R E . The eld-aligned currents are determined at this inner magnetospheric boundary and are then mapped instantaneously along dipole eld lines to the ionosphere. The ionospheric solution forẼ is then mapped back to this boundary and used to de ne the boundary condition for the plasma velocity viã v = ,r B B 2 :
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The numerical solution for the ionospheric parameters strongly depends on the height integrated conductivity tensor. The detailed empirical model for calculating the anisotropic conductivity tensor in the LFM is presented in Fedder et al. 1995b . 
Simulation Results
In this section we present the results of the LFM simulation of the substorm that occurred on December 10, 1996. Solar wind observations made by the WIND spacecraft are shown in Figure 2 . These observations have been propagated to Earth using the seven minute propagation factor discussed in Pulkkinen et al. 1999 . In addition, this propagation factor has been used to convert simulation time into universal time. As already discussed, the observed B x cannot bedirectly used in the simulation and so the B x used by the simulation is also shown in this gure thick grey line. We begin by comparing the results of the simulation with the magnetotail observations made by GEOTAIL, INTERBALL Tail Probe as well as the geosynchronous observations made by GOES 8 and GOES 9. The section concludes by placing these comparisons in a larger context through scienti c visualizations of the current sheet structure.
The magnetotail observations made by GEOTAIL and INTERBALL are presented along with the corresponding predictions from the simulation for those locations in Figure 3 . The B X observations made in the lobe by INTERBALL show the increase in lobe ux at 0650 UT in excellent agreement with the simulation which shows an increasing lobe ux a few minutes later at 0652 UT.
Both the simulation and observations show a small release of energy prior to the main onset at 0800 UT. The simulation shows a small release of energy at 0715 UT approximately 10 minutes before a similar release is seen in the INTERBALL B X measurements. In concert with that timing, the simulation also predicts a signi cantly earlier formation of the eld-aligned current seen by GEOTAIL at 0735 UT. Furthermore, the simulation also shows a strong 400 km s tailward ow at the GEOTAIL position starting at 0745 UT at a time when little disturbances are observed in the GEOTAIL data. The lack of observed ow in the GEOTAIL data may bedue the spacecraft's position near the edge of the plasma sheet. In the simulation, GEOTAIL is right at the current sheet center B X is small and thus well positioned to see perpendicular ows at the eld reversal plane. The INTERBALL results both observations and simulation indicate that this ow was associated with another local activation rather than a global substorm onset.
During the global onset, the simulation predicts a dipolarization at GEOTAIL and INTERBALL positions a few minutes prior to their presence in the observations. The simulation shows a slightly delayed but consistent reduction of the lobe eld strength as seen by the INTERBALL B X comparison after the global onset. In general, there is excellent agreement between the tail observations and the simulation results.
The comparison between geosynchronous observations and the simulation results are shown in Figure 4 . Once again there is a very good agreement between all components of the magnetic eld as measured by both GOES 8 and GOES 9. The agreement with B X and B Y is within a few nT for most of the simulated interval for both satellites. There is a relatively constant o set between the simulated B Z and the observations made by both spacecraft. We believe that this di erence is due in part to inability of MHD to represent particles that make up the ring current. Another contributing factor could bedi erences in the current owing at the earthward edge of the plasma sheet. Given this di erence, the simulation predicts dipolarizations at geosynchronous in excellent agreement with observations. The simulated GOES 9 response clearly shows the two dipolarizations after each of the ground onsets. The agreement with the GOES 8 observations is not quite as strong, as the simulated dipolarization precedes the 0740 UT dipolarization measured by the satellite. However, this agreement is quite remarkable an seems to imply that the bulk of the ring current, which is absent from the simulation, plays little role in the dipolarization process at geosynchronous.
The best way to view the dynamic activity going on in the simulation during the substorm is through animations, more appropriately referred to as scienti c visualizations, of the various plasma parameters. Unfortunately it is not possible for us to publish these visualization in JGR at this, time so we are restricted to summarizing the results with a limited set frames. The complete scienti c visualizations can be obtained by contacting the rst author directly.
Plate 1 shows a series of frames from two scienti c visualizations of the cross tail current density J Y . The left column contains frames showing the strength of J Y on a cut plane through the noon-midnight meridian. In the column on the right w e have the strength of the cross tail current, with the same scale as the previous column, in an east-west cut plane that has been place near the observed center of the plasma sheet at Z = ,4R E . Also shown in each frame is a vector eld indicating the strength and direction of ows within the magnetotail. The frames have been chosen to illustrate the growth phase 0642-0721 UT, activity during both onsets 0742-747, and nally the onset of global reconnection 0821 UT.
The rst row of the Plate shows the early growth phase con guration of the magnetotail. There are two very clear structures within the current sheet. There is an inner current sheet that extends from X = 7R E to X = 25R E in the noonmidnight cut. The equatorial view clear shows that this is approximately 15R E wide and gradually weakens with increasing distance from the Earth. An outer current sheet extends into X = ,35R E where it appears to bifurcate and run along the outer edges of the plasma sheet. The magnetopause currents systems can also be seen in the upper left hand corner of the noon-midnight cut plane. It is quite encouraging to note that there is no current owing within the lobe structures.
The next two rows illustrate the activity that occurs around the time of the small release of energy recorded at the INTERBALL location at 0715 UT. At 0716 UT it is clear that the current sheet has thinned from the earlier growth phase con guration and that more intense thin current sheet is beginning to develop. This thin current sheet extends a few R E in Z and approximately 10 R E in Y. There is also a clear ow coming from the more distant magnetotail that is diverging around the inner current sheet region at 0716 UT. The 0721 UT frames shows the penetration of a ow channel into the inner magnetosphere and the formation of a vortex in the ow. It is important to note that this ow channel does not appear to have disrupted the thin current sheet.
In the next two r o ws we show a clear demonstration of an intense thin current sheet and its subsequent partial disruption. At 0742 UT there is an intense current sheet that extends only a few R E in Z and over a limited local time sector near midnight. In the east-west view at 0742 UT there is a clear set of counterstreaming ows near X = ,20R E . A tailward ow is coming from the intense portion of the current sheet with a earthward-directed ow channel coming towards the intense current sheet from the mid-tail region. In the 0747 UT frames the earthward-directed ow channel has penetrated into the intense current sheet which is no longer present in the noon-midnight view. The intense thin current sheet has not been completely disrupted in all local times, as seen in the east-west view.
The nal set of frames shows the status after mid-tail reconnection has been clearly established. Both views show the characteristic diverging ows coming from a reconnection line center around X = ,30R E . There is no evidence of a thin current sheet in either view.
Discussion
We have presented results from the LFM simulation for the complex substorm sequence that occurred on December10, 1996. The excellent agreement between the simulation results and the in situ magnetotail observations indicate the the simulation is correctly capturing the large scale features of this substorm. In addition, it provides additional insights to the large scale spatial and temporal dynamics as will be discussed below.
The comparison between the magnetotail observations and the simulation has several remarkable features beyond the general agreement. As the simulated INTERBALL B X results show, the simulation is capturing both the timing and the amount of loading of the lobe eld energy during the entire sequence. In fact, this higher-resolution run has a marked improvement over the loading and unloading as discussed in the lower-resolution simulation results presented in Lyon et al. 1998 . This may b e due to the decreased di usion in this higher resolution run.
A discrepancy between the data and simulation is seen around 0745 UT, when the simulation shows the presence of a tailward ow at the GEOTAIL location, but the observations do not. However, the plasma data presented in Pulkkinen et al. 1999 indicate that the satellite was located in the plasma sheet boundary layer close to the lobe during this interval the plasma beta was less than 1. On the other hand, the simulated B X data indicate the GEOTAIL position is closer to the center of the plasma sheet. As the high speed ows are more likely to beseen in the central plasma sheet than along its edges, this is consistent with the interpretation that the spacecraft was in a slightly di erent location in the simulation than in the real magnetosphere. This highlights the di culty i n using the GEOTAIL or any equatorial spacecraft data to prove the nonexistence of tailward ows at a particular moment such as the substorm onset. Such small changes in position relative to the plasma sheet, including those due to apping of the magnetotail, can have large e ects on the observed results, and could explain the poor correlations between optical onsets and tailward ows obtained by Lui et al. 1998 . In the geosynchronous region there is an excellent agreement b e t ween the simulation results and the observations. The exceptional agreement between the B X and B Y components implies that simulation is accurately representing the local current systems. The disparity between the B Z elds indicates that there are currents outside of the geostationary orbit, which are underrepresented in the simulation. These currents could be part of the outer ring current or the intense currents near the inner edge of the plasma sheet. In spite of this disparity, the simulate response at GOES 9 clearly and accurately shows the two separate dipolarizations. This implies that e ects causing these disruptions are captured within the simulation, and are therefore not a ected by the missing ring current population. This would also imply that the ring current is not a major player in the substorm process, which might b e an important result concerning studies of stormtime substorms.
The scienti c visualization provide a means to understand the global dynamics occurring in the magnetotail during the substorm. The noon-midnight meridian plots clearly illustrate a qualitative c hange in the current sheet at about X = ,40R E ; tailward of that the current sheet is thin and uniform, earthward of that the current sheet is thick and seems to have two components to it. The thin current sheet near the plasma sheet center is the one that responds rapidly and intensely to the increased driving, hence limiting the growth phase associated changes to the inner and midmagnetotail inside of ,40R E . The cross-tail dimension of the thin current sheet is approximately 10 15 R E , or several hours in local time.
The ow vectors and the electric eld plots not shown here clearly show distinct narrow ow channels that come from the mid-tail region around X = ,40R E and penetrate close to the geostationary orbit. These ow bursts appear already before the main onset at 0800 UT, and appear to be the cause of the eld dipolarizations observed by the spacecraft. Some ow bursts cannot reach the inner magnetotail, and hence leave the current system una ected, whereas others can partially disrupt the thin current sheet causing local dipolarizations. At the main onset after 0800 UT, the ow pattern in the tail is markedly di erent. Instead of the narrow few R E wide ow channels, a large-scale reconnection region with a cross-tail extent of about 15 R E develops around X = ,30R E . The ows from this region completely disrupt the inner tail current sheet structure and lead to a large-scale dipolarization and intense eld-aligned currents to the ionosphere. This quantitatively demonstrates the global nature of the substorm process as described by Baker et al. 1998 . Whereas the smaller activations which might not besmall locally are caused by smaller earthward ow bursts initiating in the mid-magnetotail, the global recon guration occurs only when the ow c hannel grows to a large-scale system covering a large fraction of the cross-tail dimension.
The role of the thin current sheet in the dissipation events is still somewhat uncertain. The ow bursts clearly originate independently in the mid-tail, but it is not yet clear what controls how close to the Earth they are able to penetrate. The localized events show that the current sheet is robust and can have partial disruptions that do not lead to global instability growth. Similarly, at the main onset, the reconnection region seems to initiate without much interplay with the inner magnetosphere.
Conclusions and Future Work
Results shown in this paper illustrate the accuracy with which an MHD simulation can be used to model the magnetosphere even during complex substorm sequences. The comparison with satellite observations is exceptionally accurate in both the mid-tail and geosynchronous regions.
We showed that the thin current sheet has a scale size of about 15 by 15 R E in the magnetotail, and that the current sheet does not respond much to substorm variations beyond X = ,40R E . A comparison between the MHD results and empirical current sheet modeling will bediscussed in Pulkkinen and Wiltberger, 1999 .. Furthermore, we demonstrated that local dipolarizations are caused by narrow earthward ow channels forming in the mid-tail, and that the global onset is associated with a qualitatively di erent large-scale reconnection region. Detailed comparisons of the auroral e ects during the localized and global onset will be discussed elsewhere.
The simulation results clearly indicate that the source of all activations is in the mid-tail, communicated to the inner magnetotail by a series of earthward ow bursts. The details of these ow bursts will be a subject of a separate study.
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